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Abstract. Temperature and water vapor variations due to
clouds in the tropical tropopause layer (TTL) are investigated
using co-located MLS, CALIPSO, and CloudSat data. Con-
vective cooling occurs only up to the cloud tops, with warm-
ing above these heights in the TTL. Water vapor and ozone
anomalies above the cloud tops are consistent with the warm-
ing being due to downward motion. Thicker clouds are as-
sociated with larger anomalies. Environmental water vapor
below cloud tops can be either higher or lower than when
clouds are absent, depending on the cloud top height. The
critical factor determining the sign of this change appears
to be the relative humidity. In general cloud-forming pro-
cesses hydrate the environment below 16km, where the air
after mixing between cloud and the environmental air does
not reach saturation, but clouds dehydrate above 16km, as
the larger temperature drop and the high initial relative hu-
midity cause supersaturation to occur. Negative water vapor
anomalies above cloud tops compared to clear skies suggest
anotherdehydrationmechanismoperatingabovethedetected
cloud layers.
1 Introduction
The tropical tropopause is important for understanding the
future state of our climate system because tropospheric air,
which includes water vapor and other trace gases, enters
the stratosphere preferentially through this layer (Brewer,
1949). The tropical tropopause is not a ﬁxed material surface
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but rather a mixed layer, with both tropospheric and strato-
spheric characteristics; it is termed the tropical tropopause
layer (TTL, Fueglistaler et al., 2009). The bottom of the
TTL, located near 15km, is usually deﬁned as the level of
zero net radiative heating where the net radiative heating
changes from cooling to heating. Radiatively, the air above
this level tends to rise, owing to the wave-driving strato-
spheric Brewer-Dobson circulation, and it eventually enters
the stratosphere, whereas the air below this level sinks due
to convective circulations. The top of the TTL, located at a
height of ∼18km, is the maximum height of overshooting
convection (sometimes it can reach up to 20km). Therefore,
the bottom of the TTL is the lowest level where stratospheric
features can be found, whereas the top of the TTL is the high-
est level where tropospheric features are apparent.
One of most important unsolved questions is the water
vapor transport process from the troposphere to the strato-
sphere, especially because the analysis of recent decadal
records shows that water vapor in the stratosphere is in-
creasing. Water vapor is a greenhouse gas, and long-lived
stratospheric water vapor can affect the global energy bud-
get, and it has been shown that increasing water vapor in the
stratosphere cools the stratosphere but heats the troposphere
(Forster and Shine, 1999; Smith et al., 2001). It is commonly
agreed that transport and dehydration processes occur within
the TTL, but there is no concrete hypothesis on the manner in
which water vapor is transported from the troposphere to the
stratosphere (e.g., Read et al., 2008). Two hypotheses have
been considered. “Cold trap dehydration” is the hypothe-
sis that assumes a slow ascent by large-scale freeze-drying
through a particularly low temperature area over the west-
ern Paciﬁc. Lagrangian trajectory studies (Fueglistaler et al.
2005) and the frequent existence of in-situ thin cirrus clouds
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Table 1. Offset temperature obtained by comparison with GPS data at each MLS pressure level.
Pressure (hPa) 46 56 68 83 100 121 147 178 215 261 316
Off-set T (K) 0.24 1.06 1.73 1.21 −0.99 −1.37 −0.24 0.99 1.96 1.30 0.54
near the TTL (Jensen et al. 1996) support this hypothesis.
The other hypothesis is based on “convective dehydration,”
which occurs mainly due to the effects of deep overshooting
convection (Sherwood and Dessler, 2001).
However, neither of these hypotheses fully explains the
process of water vapor entry into the tropical stratosphere.
Some modeling studies show that overshooting convection,
penetrating the cold point, hydrates the lower stratosphere
instead of dehydrating it because these overshooting clouds
can contain cloud ice, which can sublimate under the warmer
temperatures (Jensen et al., 2007; Corti et al., 2008). On the
other hand, it is observed that HDO, the heavy water isotope,
changes very little with height in the TTL. This cannot be
explained by the slow ascent dehydration process (Kuang et
al., 2003; Dessler et al., 2007; Read et al., 2008).
It has long been recognized that the upper troposphere in
the western Paciﬁc is the coldest longitudinally (Arakawa,
1950). This upper tropospheric cold region has links to trop-
ical deep convection because the western Paciﬁc is a frequent
deep convection area. However, the mechanism of TTL cool-
ing, in relation to tropical deep convection, has been debated
and there are several hypotheses centered on the following:
convective detrainment and diabatic turbulent mixing with
the environment (Sherwood 2000; Sherwood et al., 2003;
Kuang and Bretherton, 2004), convectively generated waves
(Tsuda et al., 1994; Zhou and Holton, 2002; Randel and
Wu, 2005), radiative cooling by reduction in longwave heat-
ing (Webster and Stephens, 1980; Norton, 2001), and intrin-
sic responses to convective heating in the free troposphere,
which is followed by divergence, ascent and adiabatic cool-
ing (Holloway and Neelin, 2007).
Even though temperature and water vapor in the TTL are
closely linked to tropical convective activity, the manner in
which clouds inﬂuence these variables is still uncertain be-
cause there are few datasets that contain collocated cloud and
environmental thermodynamical information. Additionally,
previous cloud top height measurements using the bright-
ness temperature technique had low biases (Sherwood et al.,
2004), and therefore might have missed some important fea-
tures. In this study, we use high-resolution satellite data to
identify the convective inﬂuence on temperature and water
vapor.
We focus especially on cloud top height in order to investi-
gate how cloud ice inﬂuences environmental temperature and
water vapor variations. We hypothesize that cloud top height
is one of the most important factors that inﬂuences environ-
mental temperature and water vapor in the TTL, because the
thermodynamic condition of cloudy air uplifted into the TTL
is much different from that of the environment.
The data and methods used in this study are described in
the next section. Section 3 deals with cloud top heights ob-
tained from CALIPSO and CloudSat, and how these values
differ from previous satellite data. Section 4 shows the rela-
tionships between cloud top heights and environmental tem-
perature, water vapor, and ozone. Conclusions and a discus-
sion are presented in Sect. 5.
2 Data
We use MLS v2.2 temperature, water vapor, and ozone
datasets, which have been validated by Schwartz et
al. (2008), Read et al. (2007), and Froidevaux et al. (2008).
MLS temperatures have been modiﬁed by offset factors (Ta-
ble 1) obtained by comparison with GPS data at each pres-
sure level to remove the MLS temperature bias, which is
about ∼1.5K in the TTL (Schwartz et al., 2008). MLS data
have a vertical resolution of 3∼4km, and a horizontal reso-
lution of approximately 7km across track and 200∼300km
along track. We re-calculate MLS relative humidity using
modiﬁed temperature data, and relative humidity in this pa-
per is with respect to ice because we are interested in the
TTL.
Level 1 CALIPSO backscattering data are used for cloud
information. We use only the nighttime dataset because of
excessive noise during the day (see Wu et al., 2011). Cloud
top height is the most important variable in our analysis, and
CALIPSO is the best source of this information. CloudSat is
used to determine thick and thin clouds because CALISPO
backscattering is quickly attenuated in clouds.
Aura, CALIPSO, and CloudSat are different satellites, and
there are only limited time periods when CALIPSO mea-
surements are close to MLS within the MLS horizontal res-
olution, though all these are in the A-train (Stephens et al.,
2002) in the same orbit and pass a given latitude within a
short time period (7min). We use data over a nine-month
period from May 2008 to January 2009, when the orbits of
MLS and CALIPSO are within 10km of each other at the
equator. Only nighttime tropical data (15◦ S to 15◦ N) are
used because we are mainly interested in the TTL.
We attempt to divide clouds into three categories: thick,
thin and multi-layered, because these cloud types have differ-
ent radiative heating effects. Thin clouds correspond to iso-
lated thin cirrus clouds which cannot be detected by Cloud-
Sat, with thicknesses less than 3km, and whose maximum
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Fig. 1. Cloud top height frequency of 15°S-15°N with longitude for all clouds (a), thick  3 
clouds (deep convection) (b), multi-layered clouds (c), and isolated thin clouds (thin  4 
cirrus clouds) (d).   5 
  6 
7 
Fig. 1. Cloud top height frequency of 15◦ S–15◦ N with longitude for all clouds (a), thick clouds (deep convection) (b), multi-layered clouds
(c), and isolated thin clouds (thin cirrus clouds) (d).
backscatterislessthan0.0005km−1 sr−1 fromtheCALIPSO
data. Note that thin cirrus clouds in this paper are not di-
vided into convectively generated and in-situ cirrus clouds.
Thick clouds are deﬁned to be at least 3km thick vertically,
with CloudSat ice water content (IWC) greater than 2mg/m3
in the overlapping region. We categorize clouds as multi-
layered clouds if there are other clouds present, with top
heights greater than 10km, beneath thin cirrus clouds.
3 Distribution of cloud tops
Figure 1 shows the zonal distribution of cloud top height fre-
quency averaged over the period from May 2008 to January
2009. In Fig. 1a, we see a prominent cloud top height mode
between 14 and 17km, and three longitudinal areas (Africa,
western Paciﬁc, and Central America) contain frequent thick
convective clouds (Fig. 1b). Multi-layered cloud frequency
is similar to thick cloud frequency because the upper thin
cirrus clouds above lower high-topped clouds are associated
with deep convective clouds (Fig. 1c). On the other hand,
isolated thin cirrus clouds (either convectively generated or
in-situ cirrus) in Fig. 1d show little longitudinal dependence.
Our analysis indicates that half of the cirrus clouds have un-
derlying deep convection or are associated with other thin
clouds (19.4%), and the other half are isolated single layer
cirrus clouds (20.6%). This analysis is consistent with the
result of a previous study (McFarquhar et al., 2000).
We note that lidar observations from CALIPSO are very
sensitive to optically thin clouds, and the cloud top heights
inferred from these observations are much higher than other
observations. Several previous studies have shown that
CALIPSO cloud top heights are about 3km higher than
MODIS or AIRS heights in tropical deep convective clouds
(Weisz et al., 2007; Holz et al., 2008; Wu et al., 2009).
4 Results
4.1 Cloud top height vs. temperature
Figure 2 shows the time mean zonal and vertical temperature
anomaly structure (deviations from the zonal mean) within
15◦ S–15◦ N obtained by removing the annual cycle at each
altitude. Warm anomalies occur up to 13km, followed by
colder temperatures near the TTL over the western Paciﬁc
where strong deep convection frequently occurs. In the east-
ern Paciﬁc, in the descending region of the Walker circula-
tion, warm anomalies are observed above cold anomalies in
the troposphere. These zonal temperature anomalies are con-
sistent with the ﬁndings of previous studies (Randel et al.,
2003; Randel and Wu, 2005; Gettelman and Birner, 2007;
Fueglistaler et al., 2009). These zonal temperature anomalies
are also sustained in clear skies because of the difference be-
tween the radiative relaxation time and cloud lifetime scales
(Fig. 2b). The temperature anomalies induced by clouds can
remain in a clear sky due to the relatively long radiative re-
laxation time, though it depends on the perturbation wave-
length. The radiative relaxation time scale in the TTL is ap-
proximately 30∼120 days (Hartmann et al., 2001), which is
longer than cloud lifetimes (typically 1∼2 days).
To see the effect of an individual cloud on the local en-
vironmental temperature, we investigate temperature anoma-
lies from local (5◦ by 5◦ latitude-longitude bins) clear sky
mean temperatures rather than from the zonal mean. When
there are no clear skies (e.g. Western Paciﬁc area), we use
www.atmos-chem-phys.net/11/3811/2011/ Atmos. Chem. Phys., 11, 3811–3821, 20113814 J. H. Chae et al.: The role of tropical deep convective clouds in the tropical tropopause layer
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Fig. 2. Time mean zonal and vertical temperature anomalies from the zonal mean with  3 
removal of the annual cycle at each altitude (15°S - 15°N).  4 
5 
Fig. 2. Time mean zonal and vertical temperature anomalies from
the zonal mean with removal of the annual cycle at each altitude
(15◦ S–15◦ N).
the average value of the nearest clear sky mean temperature.
Figure 3a shows the average temperature anomalies for con-
ditionsinwhichthere arecloudswithtopshigherthan10km.
Note that Fig. 3a is considerably different from Fig. 2c be-
cause of the different background temperature. Figure 2c
shows temperature anomalies from cloudy sky zonal mean
temperatures, but Fig. 3a shows temperature anomalies from
local clear sky temperatures. Therefore, Fig. 3a is similar to
the subtraction of Fig. 2b from c. The right panels show the
zonal average of each cloud thickness with height. Any local
space in Fig. 3a can include both conditions, i.e., above cloud
top at times and below at other times (14∼18km following
Fig. 3b and c). Nevertheless, Fig. 3a shows that there are
cold anomalies below 16km, the level which is usually be-
low cloud tops, with warm anomalies above the cold anoma-
lies, mostly above the cloud tops. There is little longitudinal
variation, except that the temperature anomaly tilts eastward
  33 
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Fig. 3. Time mean vertical profiles of temperature anomaly from the local, clear-sky  2 
mean temperature for cloud tops above 10 km (a). (b) the same as (a) except that only  3 
data at least 1.5 km higher than the cloud top height (CTH) are included in the average.  4 
(c) the same as (a) except data height is below cloud top but not by more than 3 km.  5 
Right figures show zonally averaged anomalies of absolute value.  6 
Fig. 3. Time mean vertical proﬁles of temperature anomaly from
the local, clear-sky mean temperature for cloud tops above 10km
(a). (b) the same as (a) except that only data at least 1.5km higher
than the cloud top height (CTH) are included in the average. (c)
the same as (a) except data height is below cloud top but not by
more than 3km. Right ﬁgures show zonally averaged anomalies of
absolute value.
with height over two longitudinal bands. One is from the
Indian Ocean to the west Paciﬁc, and the other is from the
eastern Paciﬁc to Central America. This eastward tilt with
height agrees well with the maximum cloud top occurrence
(see Fig. 1; see also Randel et al., 2003).
Figures 3b and c show in detail how clouds correlate with
the environmental temperature above and below cloud tops.
Temperature data only from locations at least 1.5km above
cloud tops are used in Fig. 3b since the MLS vertical reso-
lution is about 3km, so we can be conﬁdent of eliminating
cloud contamination if the MLS reference height is at least
1.5km higher than the average CALIPSO cloud top height.
To reduce retrieval errors below cloud top, we use reference
levels, that are below cloud tops but not lower than 3km
from cloud top (Fig. 3c). These two ﬁgures show that the
temperature anomalies have opposite signs above and below
the cloud top with warm anomalies above the cloud and cold
anomalies below the cloud top level in the TTL.
Figure 4 is similar to Fig. 3 in which temperature anoma-
lies are the subtraction of clear from cloudy skies with only
clouds with tops >10km considered, and Fig. 4 shows the
temperature anomalies at the height relative to cloud top.
Therefore, the y-axis indicates the distance from cloud tops
(plus sign is above and minus sign is below cloud tops), and
positive anomalies indicate warmer temperature for cloudy
skies. This calculation further clariﬁes that a warm anomaly
Atmos. Chem. Phys., 11, 3811–3821, 2011 www.atmos-chem-phys.net/11/3811/2011/J. H. Chae et al.: The role of tropical deep convective clouds in the tropical tropopause layer 3815
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Fig. 4. As in Fig 3a except temperature anomalies are averaged according to their  3 
position relative to cloud top height.  4 
5 
Fig. 4. As in Fig. 3a except temperature anomalies are averaged
according to their position relative to cloud top height.
occurs above the cloud top and a cold anomaly below it,
and little longitudinal variation exists, though there are very
small cold anomalies far above the cloud top in some areas
(Fig. 4a). There is longitudinal variation far below the cloud
top: cooling anomalies are deeper over frequent deep con-
vective areas and warm anomalies are apparent below cold
anomalies, especially over weaker convective regions (e.g.,
the eastern Paciﬁc).
Figure 4b shows zonal averages segregated according to
cloud thickness. The magnitudes of the anomalies are great-
est in thick clouds, but the overall features are the same for
thick and thin clouds. In thin clouds, the warm anomaly oc-
curs below threekm from the cloud top due to their threekm
thickness deﬁnition.
The cooling anomalies below cloud top occur in both
thickness categories, though their magnitudes are different.
This indicates that the radiative heating term is not dominant
in determining the local temperature anomalies since there
is local net radiative heating in thin cirrus clouds (Jensen et
al., 1996; Rosenﬁeld et al., 1998), while there is net radiative
cooling in thick cloud tops and in cirrus clouds having thick
clouds below them (McFarquhar et al., 2000; Hartmann et
al., 2001). This radiative heating contributes only to the re-
duction of the magnitude of the cooling in thin clouds. The
sign change from a cooling to a warming anomaly occurs at
cloud top. We should note that the cooling anomalies below
and warming anomalies above in-situ cirrus might not be a
result of cloud-forming processes but a prior condition for
cloud formation. We will discuss this further in Sect. 5.
The warming mechanism for the region above the cloud is
not clear. There are several hypotheses for this possibility.
One of them invokes Kelvin wave generation by convective
diabatic cooling in the top levels or convective heating in the
freetroposphere. Thecoldanomalyabovethewarmanomaly
in Fig. 3b looks like a wave feature which would support
this theory. The other hypothesis involves the direct response
to cooling below the cloud top, with a decrease in the local
layer thickness and compensating downward motion above
the cooling.
We should also be careful about the quantitative analysis
of warming anomalies above cloud tops, because our analy-
sis uses local clear sky temperature as the background, and
the clear sky temperature is not the same in all domains, due
to the longer radiative relaxation time scale versus cloud life-
time, as shown in Fig. 2b. For example, temperature anoma-
lies in clear skies over frequent convective areas still persist
after clouds dissipate, although the magnitudes of convective
cooling below and warming above the cloud top are reduced
with time by radiative relaxation (forcing). Additionally, the
difference in the radiative relaxation time with height (the
maximum occurs near the cold point) also explains why the
maximum cold anomaly from the zonal mean temperature
occurs near the cold point (see Fig. 2), even though the max-
imum occurrence of cloud tops is 1∼2km below the cold
point (see Fig. 1).
4.2 Cloud top height vs. water vapor
Before we investigate the relationship between the cloud top
height and environmental water vapor, we examine the rela-
tionship between temperature and water vapor using MLS
data. Figure 5 shows contours of temperature versus wa-
ter vapor frequency from MLS at four pressure levels (82,
100, 121, and 146hPa), using data obtained from June to Au-
gust 2008 (northern hemisphere summer; NS) and December
2008toJanuary2009(northernhemispherewinter; NW).We
selected two different seasons because thermodynamic vari-
ables in the TTL have a strong annual cycle (Rosenlof, 1995;
Reid and Gage, 1996; Chae and Sherwood, 2007), caused
by the Brewer-Dobson circulation, a large scale wave-driven
stratospheric circulation (Brewer, 1949; Yulaeva, 1994). The
coldest temperature, for example, is shown near 82hPa in the
boreal winter, but near 100hPa in the boreal summer, and
the water vapor mixing ratio in summer is ∼2ppmv higher
than in winter at 100hPa. The dash-dot line indicates the
saturated mixing ratio with respect to ice and therefore the
overlapping areas, located at the lower right side of the ﬁg-
ure, are in supersaturated conditions or overestimated values
caused by contamination due to ice particles (clouds). The
82hPa level in summer, which is in the lower stratosphere
above the cold point, is not saturated because there are few
clouds present and the relative humidity is low because of the
increase in temperature.
MLS data show an interesting relationship between tem-
perature and water vapor (Fig. 5). At 121hPa and below, the
variability of water vapor is relatively large compared to that
of temperature, whereas temperature variability is very high
at 100hPa and above. The level between 100 and 121hPa is
a transition layer. Water vapor is negatively correlated with
temperature at 146 and 121hPa (lower TTL). The positive
correlation at 100 and 82hPa (upper TTL) is consistent with
the ﬁndings of previous studies, in which temperature was
found to control water vapor at 100hPa (Holton and Gettel-
man, 2001; Read et al., 2004). This demonstrates to us that
the physical mechanisms which determine temperature and
water vapor at these two levels are different from each other.
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Fig. 5. The contour of temperature versus water vapor frequency from MLS. Dash-dot  3 
line shows the saturation line with respect to ice. Upper plots are Northern Hemisphere  4 
winter (N.W.; December 2008 to January 2009), and lower plots Northern Hemisphere  5 
summer (N. S.; June to August 2008).  6 
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Fig. 5. The contour of temperature versus water vapor frequency from MLS. Dash-dot line shows the saturation line with respect to ice.
Upper plots are Northern Hemisphere winter (NW; December 2008 to January 2009), and lower plots Northern Hemisphere summer (NS;
June to August 2008).
Table 2. MLS water vapor (1q) and ozone (1O3) anomalies above cloud top estimated by an adiabatic vertical displacement based on
observed temperature anomalies (1θobs) at 15.6km. Actual water vapor (1qobs) and ozone (1O3obs) anomalies are also shown.
1θobs dθ/dz dq/dz 1q 1qobs 1O3/dz 1O3 1O3obs
1.494 K 13.487K/km −1.487ppmv/km −0.165ppmv −0.596ppmv 17.347ppbv/km 1.922ppbv 3.400ppbv
Water vapor is analyzed in a way similar to temperature
in Fig. 3 (Fig. 6). Figure 6a shows the cloudy sky water va-
por anomalies from local clear sky water vapor, which in-
creases below 16km in cloudy skies but decreases near the
cold point. As shown in the temperature analysis, the altitude
from 14 to 18km can be either above or below the cloud top
height. Therefore, we must be careful about inferring pos-
sible cloud effects on water vapor in the TTL. Water vapor
anomalies above (Fig. 6b) and below the cloud top height
(Fig. 6c) are also shown in the same way as the temperature
anomalies in Fig. 3.
In the environment below the cloud top, water vapor can
eitherincreaseordecrease, dependingontheheight(Fig.6c).
Generally clouds themselves humidify the environment near
16km or lower, but dehydrate above 16km. This can be ex-
plained by examining the relative humidity with respect to
ice, as shown in Fig. 7. The temperature of the mixed air is
always cooled, as shown in Fig. 3c, and the relative humidity
increases with height below the cloud tops in the TTL. The
air is still sub-saturated with respect to ice below 16km (or
slightly supersaturated near 16km), and therefore clouds can
supply water vapor to the environment at those heights. The
environment becomes supersaturated above 16km, however,
and therefore clouds cannot supply water vapor to the envi-
ronment at those heights. On the contrary, background water
vapor due to a temperature drop is deposited onto cloud ice
crystals.
On the other hand, water vapor variations above the cloud
top are totally different from those below cloud top. Wa-
ter vapor has negative anomalies above the cloud top if the
cloud has penetrated to approximately 14km (near the LNB).
The magnitude of decreasing water vapor does not depend
on cloud top height, but rather on the reference altitude. The
bigger decrease of water vapor is at the lower altitudes in
the TTL. Water vapor above cloud tops from 17 to 19km
has positive anomalies as shown in Fig. 2b. It can be ex-
plained by downward motion above cloud tops described in
the discussion (Sect. 5). Since water vapor has the minimum
near 18km, and increases above this minimum level due to
methane oxidation (Fueglistaler et al., 2009), downward mo-
tion causes water vapor to increase at this minimum level.
4.3 Cloud top height vs. ozone
Ozone can be effectively used as a tracer to understand the
physics of the TTL, including for making estimates of cloud
top heights and understanding troposphere-stratosphere ex-
changes (e.g., Folkins et al., 1999). Ozone is vertically well
mixed and does not show signiﬁcant vertical gradients in the
troposphere, except that it has a local minimum near 200hPa
in the tropics which is considered to be a level of convective
detrainment (see Fueglistaler et al., 2009). However, ozone
begins to increase within a transition zone between 14 and
17km, where the atmospheric chemistry characteristics of
the stratosphere begin to develop.
Atmos. Chem. Phys., 11, 3811–3821, 2011 www.atmos-chem-phys.net/11/3811/2011/J. H. Chae et al.: The role of tropical deep convective clouds in the tropical tropopause layer 3817
  36 
  1 
MLS water vapor anomalies (cloudy sky)
0 100 200 300
Longitude
10
12
14
16
18
20
H
e
i
g
h
t
 
(
k
m
)
  -3.00
  -1.80
  -0.60
   0.60
   1.80
   3.00
(ppmv)
(a)
-2 -1 0 1 2
water vapor anomalies (ppmv)
10
12
14
16
18
20
All clouds
Thick clouds
Multi clouds
Thin clouds
-20 -10 0 10 20
anomaly percentage (%)
MLS water vapor anomalies (above CTH)
0 100 200 300
Longitude
10
12
14
16
18
20
H
e
i
g
h
t
 
(
k
m
)
  -3.00
  -1.80
  -0.60
   0.60
   1.80
   3.00
(ppmv)
(b)
-2 -1 0 1 2
water vapor anomalies (ppmv)
10
12
14
16
18
20
-20 -10 0 10 20
anomaly percentage (%)
MLS water vapor anomalies (below CTH)
0 100 200 300
Longitude
10
12
14
16
18
20
H
e
i
g
h
t
 
(
k
m
)
  -3.00
  -1.80
  -0.60
   0.60
   1.80
   3.00
(ppmv)
(c)
-2 -1 0 1 2
water vapor anomalies (ppmv)
10
12
14
16
18
20
-20 -10 0 10 20
anomaly percentage (%)
  2 
Fig. 6. The same as figure 4 except water vapor anomalies. Dot-lines in right figures  3 
indicate relative change in percentage with height.  4 
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Fig. 6. The same as Fig. 4 except water vapor anomalies. Dot-lines
in right ﬁgures indicate relative change in percentage with height.
Figure 8 shows ozone anomalies from local clear sky
ozone concentrations, determined by the same method of
analysis as that used for Figs. 3 and 6. Cloudy sky ozone
increases above 16km and below 12km, but decreases be-
tween these two levels (Fig. 8a). When we consider the vari-
ations of ozone concentrations above and below cloud top
height, similar to temperature and water vapor, it is clear that
ozone increases above the cloud top but decreases below the
cloud top if the reference height is above 12km (Fig. 8b and
c). The increasing ozone anomalies below 12km are not a
surprisingresult. Convectiveupwellingandmixingoccurbe-
low the cloud top, and the local minimum of ozone is around
12km (200hPa). Therefore, convective upwelling induces
an increase below 12km but a decrease above that level.
An interesting feature is the increase of ozone above cloud
top height. If we assume that chemical ozone production and
sinking are both the same in cloudy and clear skies, the ozone
increase should be the result of adiabatic processing. It is
consistent with that the air above cloud top has a downward
motion because ozone concentrations increase with height in
the TTL. This agrees well with temperature variations (warm
anomalies) and water vapor variations (negative anomalies
up to the cold point where water vapor has a local minimum).
We performed a simple estimate of anomalies (cloudy mi-
nus clear) of water vapor and ozone due to a vertical dis-
placement, giving the observed change in temperature. If
air moves adiabatically, we can estimate the water vapor and
ozone anomalies by following equation.
1A≈

1θ

dθ
dz

dA
dz
(1)
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Fig. 7. Relative humidity with respect to ice below cloud top from MLS.  3 
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Fig. 7. Relative humidity with respect to ice below cloud top from
MLS.
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Fig. 8. The same as figure 4 except ozone anomalies.  3 
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Fig. 8. The same as Fig. 4 except ozone anomalies.
Here, θ is potential temperature, and A is either water vapor
(q) or ozone (O3). We used a nine-month average for the
observed variables. Table 2 shows an example at 15.6km.
The variation of all three variables, having the same sign as
each gradient variation, suggests air descent. Additionally,
the observed water vapor and ozone anomalies are two or
three times larger than expectations based on temperature.
This means that the temperature change is reduced by mixing
and cooling during sinking.
5 Conclusions and discussion
In this study, we investigated temperature and water vapor
variations due to clouds in the TTL using co-located MLS,
CALIPSO, and CloudSat datasets. The new lidar measure-
ment of cloud top heights and corresponding environmental
variables from A-train satellites in the same orbit enable us to
compare variables between each cloud and clear event in the
TTL. Tropical deep convection and thin cirrus clouds (above
10km), as seen by CALIPSO, are 2∼4km higher than those
observed from other instruments. The peak in cloud top
www.atmos-chem-phys.net/11/3811/2011/ Atmos. Chem. Phys., 11, 3811–3821, 20113818 J. H. Chae et al.: The role of tropical deep convective clouds in the tropical tropopause layer
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Fig. 9. Temperature anomalies near cloud top from zonal mean
clear sky temperature. Dash-dot line shows idealized temperature
anomalies without mixing with the environment when we assume
that the LNB is 14.5km.
height frequency of CALIPSO is near 15km, which is gener-
ally above the LNB, and indicates that tropical deep convec-
tive clouds and detrained anvil and cirrus clouds often over-
shoot.
The relationship between clouds and environmental tem-
perature in the TTL clearly shows that cooling occurs only
up to cloud top heights, with warming above these heights.
These temperature anomalies do not depend on longitude.
Thicker clouds are associated with a greater magnitude
of temperature anomalies. The magnitude of temperature
anomalies may also depend on cloud top height in the TTL
for overshooting clouds, because the temperature of an over-
shootingcloudgetscolderwithheighttoagreaterextentthan
the environment (Fig. 9). However, we do not investigate
temperature anomalies quantitatively in this study because
a long radiative relaxation time induces a memory effect in
which the clear-sky temperature is inﬂuenced by previous
cloud activity. This reduces the temperature anomalies near
the cold point over areas of frequent convective activity such
as the western Paciﬁc.
Cooling anomalies below the cloud top exist in clouds of
all thicknesses, including isolated thin cirrus clouds, which
include local radiative heating. Radiative cooling by water
vapor can also contribute to a temperature drop, at least up
to 16km, because clouds humidify the environment, but it
should be the opposite above 16km because clouds dehy-
drate at these levels. However, we could not ﬁnd any heating
effect below cloud tops when they were above 16km. There-
fore, radiative cooling by water vapor cannot be a dominant
cooling factor. Kelvin waves generated by convective heat-
ing in the free troposphere can be also considered as one of
the cooling factors, but this cannot fully explain why cooling
is limited to below cloud tops. This indicates that other cool-
ing factors exist. Another hypothesis for the convective cool-
ing effect is based on turbulent mixing between cold cloudy
air and warm environmental air, because overshooting clouds
that penetrate the LNB in the TTL are always colder than the
environment (see Fig. 9).
The warming anomalies above cloud tops provide interest-
ing results. These warming anomalies occur above all cloud
thicknesses, but the magnitude of warming seems to be pro-
portional to the cooling anomalies below cloud top heights,
which means that there is more warming and cooling in thick
clouds than thin clouds above and below cloud tops, respec-
tively. According to the Eq. (4.1), as well as correspond-
ing water vapor (Fig. 6b) and ozone (Fig. 8b) anomalies,
these warming anomalies are due to downward motion. This
is inconsistent with previous studies, which investigated the
downward motion in the lower stratosphere but ascertained
cooling above deep convective cloud tops over the western
Paciﬁc (Sherwood, 2000; Fueglistaler et al., 2004). Sher-
wood and Dessler (2001) used mixing and rearrangement be-
tween colder overshooting convective clouds and the warmer
environment to explain both downward motion and cooling
anomalies. However, the region above cloud tops in previ-
ous studies is actually below CALIPSO cloud top heights.
Cloud top heights from less sensitive instruments are much
lower (3∼4km) than lidar cloud top heights (e.g. Weisz et
al., 2007). Downward motion and cooling do not occur at
the same altitude, and therefore cannot be explained by the
same mechanism. There are warm anomalies instead of cool
anomalies above cloud tops where air sinks. Cooling is con-
strained below cloud tops and warm anomalies do not indi-
cate mixing between clouds and environmental air, but rather
the response of mixing between sinking air and pre-existing
air.
The mechanism of warming and downward motion can be
explained by several different hypotheses. The one possible
theory is related to the direct response of cooling by clouds.
The strongly divergent ﬂow in the cloud layer would, with
any turbulent mixing at cloud top, mechanically drag the
air just above the cloud outward. By continuity this would
suck air down from above over the cloud, giving the subsi-
dence, with compensating ascent occurring just outside the
outﬂow. Additionally the diabatic cooling near cloud top
shrinks cloud thickness, and a separate downward motion of
air is required above this cooling level. On the opposite side,
we can infer that the downward motion and warming are part
of a Kelvin wave, and this wave feature affects cloud top
heights. Several previous studies have shown that some iso-
lated thin cirrus clouds are generated by Kelvin wave activ-
ity (Boehm and Verlinde, 2000; Immler et al., 2008). How-
ever, there is no evidence that stratospheric features, includ-
ingKelvinwaves, canaffectthecloudtopheightofdeepcon-
vective clouds, and therefore the Kelvin wave itself cannot
fully explain temperature anomalies above and below cloud
tops.
Water vapor variations in the TTL due to clouds can also
be divided into regions above and below cloud tops, with dif-
ferent behavior between the two regions such as temperature.
For water vapor variations below cloud tops, it is especially
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Fig. 10. A schematic of the dehydration and hydration process (including temperature  3 
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Fig. 10. A schematic of the dehydration and hydration process
(including temperature variations) and water vapor transport to the
stratosphere above cloud top in the TTL.
important to consider if the cloud top is above or below
16km. Figure 10 shows a schematic of the dehydration and
hydration processing in the TTL. Environmental water vapor
below cloud tops can either increase or decrease. The critical
factor which divides these different water vapor variations
below cloud tops is relative humidity. Clouds hydrate the
environment below 16km, where the relative humidity after
mixing between cloud and environmental air does not reach
saturation (case II in Fig. 10), but clouds dehydrate above
16km because air there is supersaturated due to the bigger
temperature drop and the high initial relative humidity (case
I in Fig. 10).
Water vapor variations combined with temperature
changes above cloud tops suggest “apparent” dehydration
mechanism. We used “apparent” here since it reduces hu-
midity in the TTL but must transport water into the strato-
sphere at the same time. Tropical convection penetrating the
LNB cools the environment below cloud top but warms the
environmentabovecloudtopandcausesairtodescend(cases
I and II in Fig. 10). The descending air parcels contain less
water vapor than the environment. If they mix with the ambi-
ent air, they dehydrate these levels, and eventually the mixed
dry air parcels are horizontally advected from the convective
areas and enter the stratosphere by the Brewer-Dobson circu-
lation.
We do not distinguish between convectively generated and
in-situ cirrus clouds. In this paper, we explain cooling and
reduced water vapor below cloud top by convectively gener-
ated cirrus. However, several studies have argued that cirrus
clouds can be formed in situ by Kelvin wave propagation
(Boehm and Verlinde, 2000; Randel and Wu, 2005; Virts
et al, 2010). Equatorial Kelvin wave ascent can cool air
adiabatically, and very thin clouds can be generated below
the frost temperature (Jensen et al., 1996). Notwithstand-
ing its different genesis, the same temperature and water va-
por anomalies (both negative) might occur incidentally be-
low in-situ cloud tops. Cooling temperatures are not a result
of mixing between environmental and cloudy air, but instead
a pre-existing condition for in-situ cirrus induced by Kelvin
waves. The observation of warming anomalies above in-situ
cirrustopsalsocanbeexplainedbythewarmphaseofKelvin
waves located above the cold phase.
In this study, because of the limitation of satellite data, we
do not investigate temperature anomalies of pre- and post-
convective events, which are important for understanding the
impact of Kelvin waves on temperatures in the TTL. There-
fore, further studies are required for understanding the fac-
tors in greater detail that induce temperature variations near
cloud top in the TTL.
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